Aspiration of bordered pits in Cryptomeria japonica (L. f.) D. Don was studied in relation to the air permeability in sapwood, transition zone wood, and heartwood. The percentage of aspirated pits relative to the total number of bordered pits with observable tori was determined in samples that were epoxy-embedded and thin sectioned. Air permeability of air-dried and freeze-dried wood samples was measured following the method described by Siau (1984) . Pit membrane structure of air-dried and freeze-dried samples was investigated by scanning electron microscopy on split radial surfaces. It is proposed that pit aspiration progresses during heartwood formation as already reported, but the pit aspiration was frequently incomplete and the percentage varied between individuals. The pit aspiration percentage was not obviously related to the sample's initial green moisture content or heartwood color. The results from permeability measurement and SEM observation on air-and freezedried samples suggest that pit aspiration occurred in sapwood samples (the initial moisture content of which ranged from 200 to 300%) during air-drying and caused a significant decrease in permeability confirming the pit aspiration mechanism proposed by Hart and Thomas (1967) . In the heartwood, encrustation of pit membranes prevented aspiration during air-drying.
INTRODUCTION
Several investigators have studied the cause of pit aspiration and related the mechanism to the capillary tension resulting from the movement of liquid in wood [see reviews by Siau (1984) and Booker (1992) ]. Phillips (1933) found that most of the earlywood pits in green sapwood of Pseudotsuga menziesii and Pinus sylvestris were aspirated during drying to fiber saturation point, and the aspirated pits reduced the permeability of wood. Bolton and Petty (1977a, b) studied the effect of solvent-exchange and critical-point drying on the permeability of the outer sapwood of P. syivestris, and reported that permeability decreased with the increase of the surface tension of liquid used for drying because the higher surface tension forces the pit membrane to move more easily toward a pit aperture. In the investigation by Bramhall and Wilson (1971) , air-drying and oven-drying were compared with solvent-exchange and freeze-drying of Pseudotsuga menziesii wood, and found the permeability of earlywood in heartwood to be relatively low and to be unaffected by drying methods because of the large fraction of aspirated and encrusted pits before drying. Nishimoto and Hayashi (1965) found that the proportion of una spira ted pit-pairs in Cryptomeria japonica wood was correlated with water permeability, and suggested that the removal of pit-encrusting substances with various aqueous solutions may improve water permeability. In a recent study of fresh Larix kaempferi woods (Matsumura et aI. 1995) , pit aspiration during air-drying of sapwood was suggested to be the cause of the decrease in longitudinal gas permeability, and it was reported that the sapwood permeability was much higher in freeze-dried samples than in air-dried ones, heartwood permeability was low in both freeze-dried and air-dried samples.
In conifers, moisture content (the percentage of weight of water content relative to oven-dry wood) of heartwood is generally much lower than sapwood, and the bordered pits in heartwood are considered to be aspirated due to moisture loss during heartwood formation. Of the 12 conifers discussed by Hillis (1987) , Cryptomeriajaponica and Taxus baccata are the only species in which the heartwood moisture content is higher than 100%; other conifers have relatively drier heartwood. Heartwood moisture content of C. japonica is especially variable, with black-colored heartwood having a much higher moisture content than normal red-colored heartwood (Fujiwara & Ishigami 1989; Kawazumi et aI., 1991) . The moisture content of black-colored heartwood is over 200% which is almost the same as sapwood. According to the mechanism described for the pit aspiration, the closer the wood is to maximum moisture content in the tree, the higher the probability of pit aspiration during drying.
In this study, the aspiration of bordered pits in C. japonica wood during air-drying was investigated quantitatively and qualitatively through thin-sectioning methods and scanning electron microscopy and is discussed in relation to air permeability and moisture content of heartwood.
MATERIALS AND METHODS

Materials
Trees of Cryptomeriajaponica (L.f.) D.Don grown in the nursery of the Tree Breeding Research Center in Mito, Ibaraki, Japan, were harvested for the experiment. Disks cut at breast height were brought back to the laboratory, grouped into reddish-colored and black-colored heartwood and kept in a freezer at -30 °C prior to examination.
Several sample blocks for counting pit aspiration percentage, measuring gas-permeability, and making scanning electron microscopic (SEM) observations were obtained from neighboring portions in different locations of outer sapwood, transition wood (transition zone between sapwood and heartwood), outer heartwood, and just inside the outer-heartwood samples.
Pit aspiration percentage
Small blocks were soaked in pure water, dehydrated with a graded ethanol series, transferred to epoxy-resin through propyreneoxide, and then polymerized in a oven. Thin cross sections (3 IlIll thick) were obtained from the epoxy-embedded blocks using a rotary microtome equipped with a glass knife. The sections were stained with safranin and gentian violet, and mounted in balsam. Using an optical microscope, bordered pits with tori were selected in the cross section and classified as non-aspirated, partiallyaspirated, and fully-aspirated.
One set of sample blocks from each of black-and red-colored heartwood specimens, which were used for the air permeability measurement after freeze-and airdrying, were dissected into small blocks. A few small blocks from each sample were soaked in styrene monomer with 1.5% (w / w) benzoil peroxide paste under vacuum with a rotary pump and embedded in styrene in a oven at 80°C using gelatin capsules. Thin sections from the styrene-embedded blocks were used for pit aspiration counting.
Air-permeability
Two columnar sample blocks (7 mm in diameter and 10 mm in height) were punched out from one sampling site and both ends of the blocks were finished with a sliding microtome. One set of samples was frozen in a deep freezer and then freeze-dried for 2 days using an apparatus for sample preparation for chemical analyses. Each sample block of the other sets was put in a vial of 20 ml and dried at 20°C in an air-conditioned laboratory for 2 days. Then both sets were further dried at 80 °C for a week and at 105°C for the following 4 days. The sample blocks were weighed at each step to monitor the moisture content.
Air permeability was measured following the method described by Siau (1984) . Sample. blocks were sealed on the lateral surface with sticky aluminous tape, pushed into rubber tubes, and clamped with steel clamps in a measuring apparatus. The pressure on one side of the samples was kept constant using a vacuum pump and the volumetric air flow through the samples was regulated with valve adjustment on the other side. The pressure at both sides of the sample and the volumetric air flow were obtained in the condition of constant flow and constant average pressure. The air permeability of the samples (Kg: cm 3 /(cm*atm*sec)) was calculated from the following equation:
where Q (cm 3 / second) is the volumetric flow of air through a length L (cm) and cross sectional area of A (cm2) under the pressure difference of P (a tm), P' (atm) is the mean pressure in the sample, and P (atm) is the atmospheric pressure. The unit of Kg was then converted to darcy. In order to check the effect of heartwood pit membrane substances encrustation on the air permeability, some air-dried sample blocks from the heartwood were treated with steam, while some were extracted with hot water before the permeability measurement.
SEM observation
Sample blocks were split to expose radial surfaces and dried in the same way as in the air permeability measurement. They were ion-sputter-coated with Pt-Pd in an ionsputter coater (Jeol JFC-lOOO) and examined in a scanning electron microscope (SEM: Jeol JSM-S40). Artifacts, such as tears in the margo possibly caused by splitting the sample block, were useful to understand whether the pits were aspirated or not.
RESULTS AND DISCUSSION
The occurrence of pit aspiration Figure 1 shows the relationship between green moisture content and percentage of aspirated pits (including partially-aspirated pits). Pit aspiration was in the range of 0 to 20% in sapwood, and 20 to SO% in heartwood; there was no correlation between the aspiration percentage and initial green moisture content. Figure 2 shows the relationship between the aspiration percentage in transition and black-colored and reddishcolored heartwood. The data presented in Figure 2 suggest that the sample trees with higher pit aspiration percentage in the transition wood tend to have a higher pit aspiration percentage in the heartwood, and the variation of percentage aspiration is higher in black-colored heartwood samples than in reddish-colored ones.
The bordered pit membrane on the lateral wall of the tracheid is composed of a torus (central thickening) and a margo comprising cellulose microfibril bundles orientated mainly in radial and partly in circular directions. Although nearly all the bordered pits were almost completely aspirated and the membranes closely attached to the inner surfaces of the pit border in the air-dried sapwood samples, the microfibrillar orientation in the margo was obviously visible by scanning electron microscopy (Fig. 3) . On the other hand, those in the freeze-dried sapwood (Fig. 4) frequently were not aspirated. The percentage of aspirated (including partially-aspirated pits) in the air-dried sapwood was almost 100%, and in the freeze-dried sapwood was 60-70%.
In contrast to the results observed in sapwood, pit membranes in heartwood and the transition zone were encrusted with heartwood materials and the microfibrillar orientation was less evident there (Fig. 5 ). There was no significant difference in the aspiration percentage or pit structure after drying with different methods. These results suggest that bordered pits in sapwood were aspirated more easily by air-drying than by freeze-drying due to the difference in capillary tension induced during drying, and as suggested by the pit aspiration mechanism proposed by Hart and Thomas (1967) . On the other hand, decreased pore diameter in the heartwood pit membranes caused by encrustation should cause higher surface tension during drying, but it is also supposed that the margo is stiffened by encrustation with heartwood materials and so is not flexible enough to aspirate during air-drying. The bordered pits of tracheids generally aspirate during heartwood formation as already reported in previous papers, but pit aspiration is frequently incomplete in C. japonica and the aspiration percentage is widely variable (Fig. 1) . The pit aspiration observed in other conifers such as Larix kaempferi and Chamaecyparis obtusa is complete and the heartwood moisture content is low. Therefore, we suggest that the incomplete pit closure observed in C. japonica heartwood may be related to its high moisture content. The relationship between green moisture content and the ratio of partiallyaspirated pits in heartwood is shown in Figure 6 . It is apparent that the ratio of partially-aspirated pits was not obviously related to the initial green moisture content nor the heartwood color. Therefore, the pit structural changes may not be the major cause of high moisture content in C. japonica heartwood. 
